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ABSTRACT
As data-center-based services such as cloud computing, HD and 4K video streaming, and so-
cial media become more ubiquitous, the demand for higher-performance data centers grows
concurrently. Modern data centers require gargantuan amounts of power for operations and
cooling and are eschewing traditional copper-based interconnects for 850 nm Vertical-Cavity
Surface-Emitting Laser (VCSEL)-based interconnects. The future of ultra high-speed inter-
connects lies in the development and optimization of semiconductor laser-based transmitters.
The subject of this dissertation encompasses the design, fabrication, and characterization of
high-speed Transistor Lasers (TL) for the development of next-generation optical transmit-
ters and opto-electronic integrated circuits. Fabrication techniques are analyzed, redesigned
and improved to reliably yield devices that are able to transmit data at 20 Gb/s at room
temperature. Device physics are studied with a view toward obtaining a more comprehen-
sive understanding of the myriad processes affecting device performance. In Chapter 1 of
this thesis an overview of optical communications is presented and key differences between
telecom and datacom transceivers are identified. The invention of the transistor laser, its
underlying physics and potential are discussed. Chapter 2 focuses on failure analysis of the
second-generation process and its redevelopment into a robust, well-documented process ca-
pable of high yields. Physical analysis of the device is introduced in Chapter 3, focusing on
the ability to use the TL structure to tune the spontaneous recombination lifetime in the
base region. The effect of photon assisted tunneling on the operation of the device is dis-
cussed and potential uses outlined. Chapter 4 details the high-speed performance achieved
with the devices. The TL shows the capability of current and voltage modulation and also
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demonstrated 28 dB reduction in relative intensity noise compared to a Fabry Perot diode
laser. Chapter 5 discusses Bit Error Ratio (BER) characterization in detail. The cause
of reduced signal-to-noise ratio is identified and optimum device selection is detailed. The
measurement setup is optimized from the ground up in great detail and error-free trans-
mission at 22 Gb/s is demonstrated. Chapter 6 lays out challenges ahead as well as those
being currently tackled. Sealed ampoule Zn diffusion is integrated into the TL process and
demonstrates a reduction in base series resistance. Chapter 7 presents a summary of the
research described in this dissertation.
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CHAPTER 1
INTRODUCTION
1.1 Data Center IP Traffic Demand
The exponential increase in communications bandwidth propelled by the burgeoning de-
mands of data centers, High-Performance Computing (HPC), video streaming, and social
media has opened up new frontiers of cloud computing, data mining and remote applications
that will transform the face of the internet. Massive data centers house exabytes of informa-
tion and it is predicted that data center bandwidth will be subject to a Compound Annual
Growth Rate (CAGR) of over 30% for the foreseeable future and 7.7 zettabytes (1021) per
year of traffic by 2017 as illustrated in Figure 1.1 [1]. Over 75% of this growth is expected
to be within the data center, highlighting the role that data center based computing will
play in the future. In 2014, nearly 3 billion people (about 40% of the Earth’s population)
have access to the internet [2]; a number that is growing rapidly. The amount of data pro-
duced by humanity is projected to reach over 3 × 1022 bytes by 2020 [3]. The capacity of
this information in transforming human lives lies in our ability to harness it, process it and
make intelligent use of the results; all within a short time frame. The potential uses are
limitless; this massive repository of data will hold the keys to transform medical diagnosis
and treatment, communication, education, news, and entertainment on an unprecedented
scale.
Optical transceiver development holds the key to this revolution; fiber communication
has replaced copper wires over long distances, within data centers and HPC, and is poised
to enter our homes, bringing with it speed, reliability and massive scalability. In order to
eliminate the network bottleneck that prevents the realization of breakthrough applications,
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Figure 1.1: Total projected Data Center IP Traffic (25% CAGR from 2012-2017) projected
to reach 7.7 zettabytes (1021) per year by 2017, 75% of the traffic is expected to be within
the data center.
the physical layer of the network (optical transceivers) must be drastically improved; with
switching and routing following suit in order to lower latencies and leverage the most out of
the backbone. Over half the cost of the network goes into optical transceivers and fiber, so the
next generation must have drastically lower costs/bit, and energy/bit while maximizing its
use of each fiber strand. This requires fundamental and applied research at every level from
device physics to epitaxial growth, fabrication, integration, multiplexing, volume production,
packaging and internet protocol development
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1.2 Optical Communication Overview
Since the first demonstration in 1977 fiber optic communications have been growing steadily
and now account for all except the “last mile” in connecting consumers to the internet.
In order to understand the characteristics and limitations of the various forms of optical
transceivers it is prudent to discuss the various modulation schemes that are used to transmit
data.
1. Intensity modulation:
Information to be transmitted is encoded onto the intensity of the carrier (laser) sig-
nal. This scheme is usually implemented by directly modulated lasers and Electro-
Absorption Modulators (EAM). On-Off Keying (OOK) is the simplest form of this
scheme; 1’s are represented by the laser being “ON” and 0’s by it being “OFF”. This
is commonly achieved by:
(a) Directly modulated lasers: The signal to be transmitted is applied to the input
of the laser (DC biased at its operating point) and it directly modulates the
intensity of the laser. This is the common method of driving Vertical-Cavity
Surface-Emitting Lasers (VCSELs) for datacom links owing to its simplicity. The
speed of this kind of transmitter is limited by the drive electronics that provide
the electrical signal to the laser, the carrier lifetime of the laser itself and the
chirp of the laser. The latter is caused by broadening of the laser’s linewidth due
to changes in carrier concentration as a result of modulation which change the
effective index of the cavity.
(b) Electro-Absorption Modulators (EAM): The laser is kept on and the signal is
encoded onto the carrier, typically by using the Quantum Confined Stark Effect
(QCSE) to modulate the absorption coefficient of a waveguide with a multiple
quantum well structure. The quantum wells are grown so that they are blue
shifted in comparison to the laser wavelength the structure is designed to mod-
ulate. Therefore the red shift induced by the field results in higher absorption
and an OFF state. The transmission coefficient of this structure is proportional
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Figure 1.2: Schematic of an EAM based on a Multiple Quantum Well (MQW) p-i-n structure
grown on InP. The Transmission Coefficient T(V) is a function of the absorption coefficient
of the structure which is modulated by the voltage drop across the intrinsic region that gives
rise to an electric field in the MQW region and the associated Quantum Confined Stark
Effect (QCSE).
to the length of the waveguide and the voltage dependent absorption coefficient
as shown in Figure 1.2. A high extinction ratio is favorable and can be achieved
by making the cavity longer, however this increases insertion loss, reduces the
absolute intensity of the ON level, and impairs the speed of the device. This
structure is commonly used for metro transmitters since it is compatible with the
high power edge emitting lasers used for these devices. EAMs usually have very
low chirp.
(c) Mach-Zehnder Modulators (MZM): MZMs use electrooptic effects in crystals,
QCSE in semiconductor materials and interference of two phase shifted lightwaves
in order to achieve amplitude modulation. These are used in long-haul transmit-
ters since they can be designed to exhibit zero chirp (laser linewidth broadening).
A detailed description of MZMs is presented in the following section on phase
modulation.
2. Phase modulation:
The information to be transmitted is encoded onto the phase of the carrier signal by
a MZM. As illustrated in Figure 1.3 the carrier lightwave is split at the input into two
paths (one with a phase modulator section) at the input. The two optical fields acquire
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Figure 1.3: Schematic of a MZM showing the coupling of input laser power into two arms.
Optical path length difference is a function of the voltage applied to the top arm and inter-
ference at the output allows for modulation of the intensity and phase of the laser signal.
a phase difference relative to one another which is controlled by the voltage applied
to the phase modulator. They interfere at the output constructively or destructively
to produce 1’s and 0’s (amplitude modulation). Multiple levels can be introduced
at the output by controlling the phase of the interfering lightwaves and quadrature
modulation is also possible by nesting two MZMs and shifting the carrier phase to
one of them pi/2 relative to the other. These advanced modulation schemes are being
implemented in the latest long-haul telecom photonic integrated circuits due to their
flexibility in trading off bandwidth and transmission distance for various applications
[4].
1.2.1 Increasing Bandwidth of Optical Transceivers
There are three primary approaches for increasing the bandwidth of a fiber-optic transmission
system.
1. Increase channels:
Since Distributed Feedback (DFB) lasers can be precisely wavelength tuned, each laser
can be designed to emit at a desired wavelength and multiple wavelengths can be
launched into the same fiber, each carrying its own data stream. This is known as
Wavelength Division Multiplexing (WDM) and is the de-facto method in use for long-
haul optical networks today. The number of wavelengths is determined by the ITU
5
Figure 1.4: Eye diagrams at 20 Gbaud symbol rate for (a) OOK and (b) 4-PAM modulation
schemes. 4-PAM is twice as spectrally efficient as OOK; however it requires a higher SNR
due to the presence of two additional levels.
Telecommunications Grid which designates each channel’s center frequency and width
as well as guard band frequencies. Additionally, two orthogonal polarizations of the
same wavelength can be transmitted down the same fiber without interference in a
scheme known as Polarization Multiplexing (PM).
2. Increase spectral efficiency:
Perhaps one of the most important figures of merit of a fiber-optic system is its spectral
efficiency, generally depicted in bits/symbol. For a traditional OOK system this is 1
bit/symbol, since at every sampling interval the system can either detect 0 or 1. By
using multi-level intensity modulation such as 4 level Pulse Amplitude Modulation
(4-PAM) this can be raised to 2 bits/symbol with each sampling interval detecting
00, 01, 10, or 11 corresponding to different detected amplitudes. This scheme adds a
receiver power penalty and increases the constraints on the linearity of the transmitter
and receiver systems. However, it can deliver 2× the data rate for the same baud rate.
As shown in Figure 1.4, 4-PAM can double the bandwidth over OOK at the same
symbol rate; the decrease in SNR is also apparent from the presence of two additional
amplitude levels.
In a phase modulation system, it is possible to use advanced modulation such as
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Quadrature Phase Shift Keying (QPSK) where two nested MZMs are used to encode
two datastreams on the same carrier, pi/2 out of phase with each other. This increases
the spectral efficiency to 2 bits/symbol. Higher-level n-PSK can increase this fur-
ther, however, this is not without a cost. The Signal-to-Noise Ratio (SNR) must be
considerably higher since the same power envelope now contains log2(n) × the informa-
tion. Quadrature Amplitude Modulation (QAM) combines both multi-level intensity
modulation with phase modulation and offers a SNR advantage over n-PSK. Receiver
circuits for advanced modulation formats are highly complicated, requiring the use of
local oscillator (LO) DFB lasers tuned to exactly the same wavelength of the incoming
channels as well as multiple balanced photo detectors per channel and complex Digital
Signal Processing (DSP) at the output to generate the bit stream.
3. Increase serial data rate:
The most simplistic method that has worked well until recently is to fabricate faster
devices and circuits and leverage the increased bandwidth to drive a faster data rate
in Gb/s. This approach is now limited by the bandwidth and power consumption of
available driver circuitry and the carrier lifetime of the laser and the resulting band-
width limitation and resonance peak in the frequency response. With the increase in
speed of the digital driver circuity every year, it is imperative to also increase the serial
data rate of transmission systems since even with multiplexing and advanced modula-
tion a higher baud rate will result in a higher data rate. This requires careful design
and fabrication of lasers which have higher bandwidths. For a Dense WDM (DWDM)
system however, this presents an issue. A higher serial data rate results from higher
frequency operation which results in widening of the side bands around the carrier
frequency. Therefore the spectral content of each wavelength is wider and it limits how
close the carrier frequencies can be placed on a DWDM grid.
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1.3 Optical Transceiver Markets
As is apparent from Section 1.2, all fiber optic communication systems are not the same. Dif-
ferent devices and modulations schemes are used to satisfy each application and transceivers
are subject to very different cost structures and economics depending on their use. We may
broadly divide them into the following two categories, telecom and datacom.
1.3.1 Telecom
Optical links that are thousands of kilometers in length (such as trans-oceanic fiber) form
the long-haul telecom sector and those that interconnect large cities for the short-haul tele-
com (metro) sector. The economics of telecom links dictates performance as the primary
objective. Submarine fiber installation is expensive and maximal use of existing fiber is
possible through DWDM with each wavelength carrying the maximum possible bandwidth.
Fiber spans thousands of kilometers and component cost (transceivers, fiber amplifiers, dis-
persion compensators) is not a prime concern. In order to realize advanced modulation
schemes many discrete “gold box” components (DFB lasers, EAMs, MZMs, Reconfigurable
Optical Add-Drop Multiplexers (ROADMs) etc. are connected together with optical fiber.
These systems are designed to have a long operating life and be extremely reliable. As the
economics suggests, these systems serve a focused market and as such, manufacturing can
tolerate higher manufacturing cost/chip since the demand is for higher-performance systems
and not so much a greater number of systems.
Recently, by monolithically integrating all the discrete components required for a long-haul
transceiver on a single chip Infinera has demonstrated Photonic Integrated Circuit (PIC) pair
operation of over 1 billion hours without failure as of 2013 [4]. Telecom PICs sold by Infinera
integrate DFB lasers, photodiodes, MZMs, Arrayed Waveguide Grating (AWG) multiplexers,
and polarization management components on the transmitter PIC. The receiver PIC is even
more complicated with the same polarization management components, AWG multiplexers
in addition to local oscillator DFB lasers exactly tuned to the transmitter DFB wavelengths,
optical hybrids, and balanced photodetectors. Currently, 25 Gbaud line rates are used with
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PM-QPSK modulation with 10 channels to provide 1 Tb/s bandwidth per PIC for each
single fiber strand [5]. Telecom standards allow for Forward Error Correction (FEC) which
results in an encoded data stream to enable error connection at the receiver end. This results
in an increased bandwidth overhead to carry the extra information, however, it allows for
an increased tolerance to raw bit error rate.
1.3.2 Datacom
Fiber optic links that operate within data centers < 250 m and between adjacent buildings
≈ 2 km along with enterprise networks form the bulk of the datacom market. Data center
networks present a unique set of requirements. The majority of the links are very short
(between and within racks) and key aspects for transceivers are low cost, low power and
high availability. Transceivers are commodities and failures can be tolerated as long as
replacement transceivers are on hand for a quick turnaround. Very high volume is required
and even higher anticipated to fulfill the needs of next-generation data centers. Transceivers
and active optical cables need to consume low power to operate uncooled from 0 to 85 ◦C
and be rugged enough to withstand plugging and removal from ports. The critical figure
of merit is data energy efficiency (power consumed / data rate) expressed in pJ/bit. OOK
is used as the signaling scheme for short-haul links due to the significant power, cost and
simplicity advantage of the transceivers. Datacom signals are not encoded with an error
correcting code in order to maintain simplicity and therefore require a bit error ratio of less
than 1 in 1012 (1 trillion) in order to operate error free. It is however anticipated that for
standards beyond 100 GbE, soft-decision FEC will be included in the signal encoding to
allow for greater tolerance to channel noise.
Commercial datacom transceivers are mostly based on 10 Gb/s VCSELs. Transceiver
speed is increased by using multiple channels (multiple fiber strands per transceiver) [6]
with the fastest channel speed now operating at 14 Gb/s consuming 20 pJ/bit and trans-
mitting over a parallel active optical cable (multiple fibers). Faster 28 Gb/s VCSELs are
under development [7] and expected in Q4 2014. State-of-the-art research VCSELs have
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demonstrated 64 Gb/s operation at room temperature [8] with Feed-Forward Equalization
(FFE) to increase performance. Our team has demonstrated the fastest VCSEL (40 Gb/s)
fabricated in the United States to date [9]. The best bit energy results have been demon-
strated with 1.35 pJ/bit at 20 Gb/s [10] for a complete link. Transmitters (VCSELs) have
demonstrated 40 Gb/s at 431 fJ/bit (Illinois [9]), 40 Gb/s at 158 fJ/bit (TU-Berlin [11])
and 64 Gb/s at 326 fJ/bit [8]. The latter bit energy numbers are for the VCSEL power
consumption only and do not account for drivers and receivers. State-of-the-art receivers
have shown 0.4 pJ/bit at 20 Gb/s [12].
Uncooled transceiver operation requirements for data centers necessitate highly energy
efficient transceivers with simple circuitry. Telecom PICs require thermal stabilization in
order to maintain wavelength stability. The power consumption of a Thermo-Electric Cooler
(TEC) adds to the energy/bit required by these systems. This is estimated to be≈ 800 pJ/bit
for the Infinera product. This is completely unacceptable from a datacenter perspective
where low power dissipation is of prime importance to allow for efficient cooling. Additionally,
the DSPs required on the Rx end to turn the output of the photodetectors into a bitstream
add over 100 pJ/bit to the energy requirement [13] making the current approach for long
distance telecom transceivers untenable for datacenter links.
The fundamental barrier to realizing ultra-fast datacom transceivers is at the device level.
Lasers are limited in bandwidth by recombination lifetime, device RC parasitics, and self-
heating that results from pushing bias currents higher to increase bandwidth. The bandwidth
of the VCSELs has been increased by the Purcell enhancement of recombination lifetime,
tuning of photon lifetime, and by reducing extrinsic parasitic effects. The crippling effects of
high heat dissipation, interruption of heat flow by the oxide, and the relatively long ≈ 1 ns
recombination lifetime in the active region of diode lasers, however, have limited bandwidth
to < 30 GHz. The reduction of carrier lifetime can open up the current technology vacuum
and it is imperative that we pursue this avenue in order to determine its potential for
realization of a disruptive technology.
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1.4 Invention of the Transistor Laser
1.4.1 The Transistor
Bardeen and Brattain’s invention of the transistor in 1947 [14] heralded the beginning of the
electronic age, when semiconductor (“solid state”) devices started to replace bulky and un-
reliable vacuum tubes. Now, semiconductors are critical to how we compute, communicate,
travel, entertain, practice medicine and have become an integral part of our lives. All the
electronic technology that enriches our lives today sprang from the invention of the transistor
in 1947. Base current is the key to the operation of the transistor; supporting recombination
of minority carriers as they diffuse across the base and providing for current amplification by
separating the low-impedance input from the high-impedance output, therefore imparting to
the device its name “transfer resistor”. In modern high-speed Heterojunction Bipolar Tran-
sistors (HBTs), made possible by the advancement of crystal growth technologies through
Metal Organic Chemical Vapor Deposition (MOCVD) and Molecular Beam Epitaxy (MBE),
the base is a thin layer tens of nanometers thick [15]. Carriers injected from the emitter tran-
sit across the base, where their recombination is supported by the base current and are swept
out by the reverse-biased collector junction. Transit times are of the order of femtoseconds
[15] for the fastest of these devices.
1.4.2 The Semiconductor Laser
In direct-bandgap semiconductors radiative recombination has been leveraged to design Light
Emitting Diodes (LEDs) [16], [17] and with the incorporation of a cavity to confine the gener-
ated photons and achieve coherent light output, Diode Lasers (DLs) [16], [17]. With further
advancement in crystal growth quantum-well DLs [18], [19] and Vertical-Cavity Surface-
Emitting Lasers (VCSELs) [20], [21] have been realized. Semiconductor laser-based [22]
transmitters power submarine intercontinental optical links and the rest of the internet
backbone. These devices are fundamental to how we communicate over distance; both long
[5], [4] and short [9].
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1.4.3 The Transistor Laser
In 2004, it was hypothesized and later demonstrated that the recombination in the base
(direct band-gap material) of an HBT would be observable as light [23]. Later that year the
first Transistor Laser (TL) was demonstrated; a novel device that employed quantum wells
in the base of a InGaP/GaAs HBT to trade off electrical gain for photon generation and a
cleaved Fabry-Perot cavity to support stimulated emission [24]. The TL operated both as an
HBT (transistor) in the forward active mode and as a laser simultaneously. With an initial
demonstration at 200 K [24], room temperature CW operation soon followed [25]. The TL
has since shown promising high-speed modulation capabilities [26] along with signal mixing
[27] and the ability to be voltage controlled [28], [29].
1.5 Transistor Laser: Potential for High-Speed Photonic
Integration
The n-p-n transistor laser leverages the diffusive minority carrier transport in the base to
supply electrons to the QW for recombination as in Figure 1.5 (b). Electrons that do not
recombine fast enough are swept out electrically at the reverse-biased base-collector junction.
Figure 1.5: Carrier dynamics (transport and recombination) in (a) a forward biased p-i-n
diode laser showing charge pileup in the confining double heterostructure and (b) an n-p-n
transistor laser in the forward active mode showing a “tilted” carrier profile in the base as a
result of fast diffusive transport and the zero carrier boundary condition at the collector.
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This is in contrast to the diode laser which employs a p-i-n double heterostructure for carrier
and mode confinement to the active region. Electrons and holes diffuse in the intrinsic region,
are captured by the QW and then recombine as in Figure 1.5 (a). There is no other means
of carrier removal from the active region giving rise to a carrier storage “reservoir” that
must empty to allow for direct modulation. The recombination lifetime τb,spon is a statistical
average of all lifetimes, short and long and is of the order of ∼ 0.2 - 1 ns [30]. The transistor
laser allows us to skew the average τb,spon by providing an electrical mechanism for carrier
removal resulting in lower average τb,spon in the base [26]. The device exhibits a much flatter
frequency response without the characteristic resonance peak of diode lasers as discussed
in Chapter 4. The TL crystal structure allows for fabrication of detectors and transistors
on the same wafer, making the platform a compelling candidate for monolithic photonic
integration.
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CHAPTER 2
STRUCTURE AND FABRICATION
2.1 Epitaxial Structure
The transistor lasers described in this dissertation are grown by MOCVD. The epitaxial
structure begins with a heavily doped n-type 5000 A˚ GaAs buffer grown on SI-GaAs. It
is followed by a 5000 A˚ n-type Al0.95Ga0.05As layer that functions as both the sub-collector
and as the laser lower cladding layer providing transverse optical mode confinement. A
200 A˚ heavily doped n-type GaAs layer functions as the collector contact layer. A 120 A˚
In0.49Ga0.51P etch stop layer is included for facilitating fabrication followed by a 600 A˚ lightly
doped n-type GaAs collector. A 1000 A˚ heavily doped p-type GaAs layer serves as the base
and includes one 120 A˚ undoped In0.2Ga0.8As quantum well designed for 980 nm emission. In
the base, at the collector interface is a thin 100 A˚ layer of heavily doped p-type AlxGa1−xAs
which serves as a conduction band energy barrier ∆EC,B to increase electron confinement in
the active region. The emitter is a lightly doped n-type 250 A˚ In0.49Ga0.51P layer followed
by 4000 A˚ of n-type oxidizable Al0.95−0.99Ga0.05−0.01As that performs as the upper cladding
and serves (via lateral oxidation [31]) to confine the current injection in the active area. The
emitter contact is a 1000 A˚ heavily doped n-type GaAs layer. The structure is depicted
graphically in Figure 2.1.
2.2 Fabrication: Second-Generation Process
The basic device fabrication process of the HBTL consists of nine photolithographic steps, in-
cluding three wet etches, a lateral oxidation, three contact metallizations, Benzocyclobutene
14
Figure 2.1: Epitaxial layer structure of the transistor laser. The quantum well is depicted
by the red line.
(BCB) planarization to facilitate post interconnection followed by a final polyimide via in-
terconnection to realize the common emitter HBTL structure. The wafer is lapped to a
thickness of 25 - 50 µm, polished and cleaved into bars 200 - 400 µm in length. These are
mounted to indium-coated copper heatsinks. The process is outlined schematically in Figure
2.2.
2.3 Failure Analysis
The inherited second-generation fabrication process was completely undocumented and suf-
fered from extremely tight process windows resulting in low yield. The major shortcomings
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Figure 2.2: Schematic of a simplified cross section of the transistor laser through the various
steps of the fabrication process.
of this process, as concluded by failure analysis, are discussed in Sections 2.3.1 and 2.3.2.
2.3.1 BCB Planarization
The most numerous failures are characterized by low BE current in the Gummel measure-
ment as depicted in Figure 2.3. Failing devices show a 100 fold increase in BE resistance
in comparison to working TLs. Process Control Monitors (PCMs) are measured and show
contact and sheet resistances for the base and emitter ohmic contacts to be within speci-
fications as in Table 2.1. Via and post chain PCMs also show low resistances (well within
tolerances) of the corresponding structures. Multiple process runs suffered from this failure
mode and it was repeatable. This represents a failure in the ability of the PCMs to predict
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Figure 2.3: Gummel measurement of a failed TL (solid) compared to that of a working device
(dots) showing an almost 100 × increase in BE resistance. The devices measured were 400
µm long and had emitter width 4 µm (after etching and oxidation 2.5 µm).
and exhibit the failure of the step.
Focused Ion Beam (FIB) cross sectioning reveals a discontinuity in the emitter metal
overlap which is responsible for the failure. BCB over-etch coupled with the re-entrant etch
profile of the emitter cap causes this (shown in Figure 2.4) and results in the B-E open
failure mode. The metal discontinuity is not rectified by subsequent Metal 2 deposition and
the device is seen to fail. The transistor laser is a high-topography device, with almost 2
µm from the top of the emitter mesa / base metal to the bottom of the isolation trench.
The BCB is required to planarize this to less than 2000 A˚ in order to acceptably expose the
emitter cap layer without over-etching and damaging the base surface. FIB and Scanning
Electron Microscope (SEM) analysis reveals excessive non-uniformity in BCB spin-profile
due to high topography, uneven feature density over device and PCM areas and thin BCB
[32]. BCB-46 which is used for the process is spun on at 4000 rpm which is expected to give
a 2.63 µm spin height. The TL process mask consists of lasers of varying lengths; 200 µm,
300 µm, and 400 µm, among a variety of large-area DC test devices and PCMs. The density
of features on the mask is highly uneven, and is shown in Figure 2.5.
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Table 2.1: Results of PCM measurements to determine base ohmic contact resistances (via
TLMs) as well as interconnect (via-chain) resistances. All PCM measurements are within
process specifications.
It is noticed during the etchback that the emitter mesas for different size lasers are exposed
at different times. This means a variation exists in the BCB thickness over the area of
the wafer. It has been observed earlier [33] that BCB spin height is highly dependent on
feature density. The referenced work recommends the use of dummy features or algorithms
to balance feature density. This also lends credence to the hypothesis that our etchback
PCM design is flawed and does not represent the device accurately nor yield any worthwhile
information. However, in order to determine the viability of BCB uniformity in solving the
problem in a timely fashion an experiment was designed to test the effect of BCB thickness
and cure on the spin profile. BCB-57 is a higher-viscosity variant and is spun on with the
same speed and cured in N2 ambient at 250
◦C for 8 minutes. The final thickness is measured
18
Figure 2.4: FIB cross section of a failed device showing a discontinuity in the emitter metal
overlap as a result of a BCB overetch.
Figure 2.5: TL mask layout showing all processed layers to illustrate the variation of feature
density across lasers of different lengths and PCM regions on the wafer. PCM regions are
sparse and different sized devices have varying feature density due to pad size and pitch.
to be over 6 µm and optimal etch rate in a CF4/O2 plasma in an RIE is determined. BCB-
57 with a spin height of 6.2 µm offers much improved planarization. The PCM and device
regions have different BCB spin heights; however, the variation between devices is greatly
reduced allowing much tighter control over the height of the etched-back mesa. The process
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Figure 2.6: FIB cross-section of a functioning device fabricated using the revised process
showing excellent continuity of emitter metal, sloping polyimide vias and metal-2 to emitter
metal interconnection.
is tuned to yield functioning lasers and results in failed PCMs. SEM characterization is used
as a PCM at the end of the etchback process to ensure exposure of the contact layer and
tolerable step height. Figure 2.6 shows the FIB cross section of a functioning device with
excellent connection between the emitter metal and mesa [32]. Yield is improved from ≈
10% to ≈ 85% which allows for a stable baseline process to provide a test bed for future
experiments.
2.3.2 Poor Via Connectivity
The second-generation via process calls for the etching of polyimide through a SiNX hard-
mask. The SiNX is removed in CF4 plasma (RIE) and the polyimide is etched using an
O2 plasma. The etch possesses a degree of isotropy and the resulting re-entrant structure
is shown in Figure 2.7 (a). Usually this results in the requirement of a thick metal depo-
sition (≈ 1 µm) to achieve connection inside the via. The connection is usually thin and
exhibits higher electrical and thermal resistance. Figure 2.7 (b) shows a disconnect in the
interconnect metal as an extreme case of the poor topography of the via.
To eliminate the re-entrant profile the SiNX is no longer used. Polyimide is spun on, cured
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Figure 2.7: SEM cross section (a) of a SiNX polyimide via showing a re-entrant profile and
(b) of an extreme case of metal discontinuity in the via as a result.
and a new imaging resist (AZ-9245) is exposed to the via pattern. The resist is selected
because it (i) spins on thick to ≈ 4.5 µm, (ii) has a high contrast, and (iii) can be thermally
reflowed to generate a gentle slope without sacrificing pattern dimensions. Both the photo
resist and the polyimide are simultaneously etched by an O2 plasma and the sloping sidewalls
with an angle of ∼ 50◦ are transferred to the polyimide layer. This is clearly visible in Figure
2.6. The improvement in interconnect resistance is observable in device measurements.
2.4 Fabrication: Third-Generation Process Development
The above changes are incorporated into the process in order to develop a stable, high-yield
fabrication baseline. Additionally each process step is re-evaluated and tuned for consistency
using a standard Design of Experiment (DOE) approach when required to isolate critical
variables and identify process windows. These changes are listed below:
1. The photo-resist for emitter etch lithography is switched from BPRS to S1813 which
has a greatly reduced Line Edge Roughness (LER) and higher contrast, resulting in
dimensionally accurate, smooth sidewalls to minimize scattering losses.
2. The oxide etch prior to base ohmic contact evaporation is switched to a double etch
combining HCl and BOE. Contact resistances are obtained for the base that are 100%
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lower than previously and consistent across the wafer.
3. Additional cleaning of AuGe thermal source prior to collector and emitter contact
evaporation results in lower contact resistance by ≈ 5-10%.
4. A double spin-on of PMGI lift-off resist is used for Metal 2 deposition resulting in
cleaner lift-off.
5. Additional steps are taken to ensure conditions of sample holder prior to lapping. The
polishing process is improved with an optimized sample holding technique to ensure
even pressure over the sample surface.
6. The Indium electroplating process is redesigned to be more reliable and yield a cleaner
surface on the heat sink.
The results of the devices fabricated using this process are discussed in subsequent Chap-
ters 3, 4, and 5.
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CHAPTER 3
DEVICE PHYSICS
As mentioned in Section 1.5, the promise of the transistor laser as a high-speed, high-fidelity
transmitter lies in its unique ability to lower the average recombination lifetime τb,spon. This
is a consequence of the minority carrier dynamics in the base of the transistor laser and the
competition between transport and recombination.
3.1 Base Carrier Dynamics
In order to demonstrate lowering of τb,spon the effect of a conduction band energy barrier
in the base region at the collector interface on the minority carrier transport dynamics and
performance of the edge emitting transistor laser is investigated in this section. The epitaxial
structure is as described in Section 2.1, and the effect of the 100 A˚ heavily-doped p-type
AlxGa1−xAs layer (acting as the energy barrier) in the GaAs base region at the collector
interface on τb,spon is examined. For the crystals used in this dissertation the values of the
aluminum mole fraction x are 0.05 (Sample A) and 0.10 (Sample B) which correspond to a
conduction band energy offset (∆EC,B) of 41 meV and 82 meV, respectively. The calculation
is based on the model solid theory [34], [35] of the heterojunction discontinuity at the GaAs
- AlxGa1−xAs interface. Both crystals undergo identical fabrication processes and devices
with the same geometry are presented in this comparison [36].
The transport and recombination of minority carriers (electrons) in the base is fundamental
to the operation of the transistor laser. The various processes at work are illustrated in
Figure 3.1 which is a simulated band diagram of the transistor laser [37]. Electrons (red
dots) are injected into the base from the emitter (1), diffuse through the base region due
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Figure 3.1: Simulated [37] band diagram of the base of the transistor laser highlighting the
location and effect of the conduction band offset on electron transport at the BC junction.
∆EC,B is 41 meV for Sample A and 82 meV for Sample B. The processes of electron injection
(1), diffusion (2), QW capture, transit (3), escape (4), transport and reflection at the barrier
layer (5), and collection (6) are illustrated.
to the concentration gradient (2), are captured by or scattered over the quantum well (3),
recombine or escape from the quantum well (4) and either reflect at the energy barrier
or transit to the collector (5) from where they are swept out (6). The electrons in the
quantum well recombine with holes (blue circles) to generate light (hν) with an average
spontaneous recombination lifetime τb,spon. In the absence of an energy barrier (∆EC,B),
carriers that do not recombine are swept out by the reverse-biased base-collector junction
thereby forcing τb,spon to be of an order similar to the transit time. The presence of an energy
barrier for electrons (∆EC,B) results in both transmission and reflection at the interface
and prevents unmitigated transport to the collector. This is similar in effect to the well-
documented phenomenon known as current blocking in HBTs [38], however it differs in that
the heterojunction lies in the base and is not susceptible to lowering with increased VCB. It
leads to increased confinement of carriers in the active region which is expected to increase
recombination lifetime.
The measurement setup consists of an HP 4142 SMU Mainframe to set DC bias through
HP 11612B 50 GHz bias networks and GGB Industries high-speed GSG probes which are
24
used to probe the device. Temperature control is achieved by a Newport 3150 TEC and
single-facet laser output is collimated using a high NA aspheric lens and coupled to a 50
µm core Corning multi-mode fiber. Figure 3.2(a) shows the transistor’s collector IC − VCE
characteristics at 15 ◦C for Sample A and Figure 3.2(b) for Sample B.
Figure 3.2: Collector IC−VCE characteristics for 400 µm long transistor lasers fabricated on
(a) Sample A and (b) Sample B exhibiting telltale β compression at the onset of stimulated
emission (IB = ITH). β at IB = 110 mA and VCE = 1.6 V is 1.05 for Sample A and 0.08
for Sample B showing the dramatic increase in recombination as a result of a higher ∆EC,B
offset. The blue shift in the emission wavelength of the Sample A laser at higher bias currents
is absent in the Sample B device.
The transistor lasers measured are 400 µm in length and have an emitter width of ≈ 1.5
µm. The dots highlight the bias points used for subsequent bandwidth measurements. The
25
colors indicate the state of the laser with black for spontaneous emission, red for λ0 ≈ 1000
nm, and blue for λ1 ≈ 980 nm. Devices from sample A (∆EC,B = 41 meV) exhibit β =
1.05 at IB = 110 mA and VCE = 1.6 V. At the same bias conditions, devices from sample
B (∆EC,B = 82 meV) show β = 0.08. The presence of a higher barrier correlates directly to
an increase in recombination lifetime and a drop in β.
Figure 3.3: Single-facet optical L − VCE characteristics for 400 µm long transistor lasers
fabricated on (a) Sample A and (b) Sample B illustrating the sharp increase in output power
for the device with a higher ∆EC,B barrier. A higher barrier serves to trap more electrons
in the base, leading to an increase in recombination and a corresponding increase in output
power.
This is further corroborated by Figure 3.3(a) which compares the single-facet L − VCE
characteristics of Sample A to Sample B (Figure 3.3(b)). As expected, due to higher con-
26
finement and increased recombination, Sample B has ≈ 2.5 × the light output of Sample A
since there is a direct correspondence between β, IC and light output [29]. The transition
from the ground state to the excited state (Eλ0 → Eλ1 , λ0 → λ1, λ0 > λ1) is clearly observed
in Sample A with a sharp increase in light output at sufficiently high bias currents. How-
ever, this is absent from the Sample B measurement where the L− VCE curves appear more
linear at lower biases and start saturating at higher currents (150 mA). Figure 3.4 shows
fixed VCE single-facet L − IB characteristics for (a) Sample A at 1.61 V and (b) Sample B
at VCE = 1.275 V corresponding to the peak power in the L− VCE characteristics of Figure
3.2b. The dots refer to the points used for presented spectral data (inset). A higher ∆EC,B
barrier enhances recombination leading to higher output power and a greater dL/dIB slope
for Sample B. The inset shows laser spectrum blue shifting from 998 nm at IB = 62.5 mA
to 977 nm at IB = 100 mA for Sample A. Sample B follows a gradual red shift from 981
nm to 983 nm and increased modes as IB varies from 87.5 mA to 145 mA. The absence of
Figure 3.4: Single-facet optical L − IB for (a) Sample A at VCE = 1.61 V and (b) Sample
B at VCE = 1.275 V showing once again that the higher ∆EC,B barrier serves to enhance
recombination leading to higher output power and a greater dL/dIB slope for Sample B.
Inset shows laser spectrum blue shifting from 998 nm (λ0) at IB = 62.5 mA 977 nm (λ1) at
IB = 100 mA for Sample A. Sample B follows a gradual (diode laser like) red shift from 981
nm to 983 nm and increased modes as IB varies from 87.5 mA to 145 mA.
27
the ground to excited state transition in Sample B suggests that as a consequence of the
increased recombination lifetime we only observe lasing in the excited state (similar to a
diode laser [22]). This hypothesis is further supported by the fact that for geometrically
identical devices the dL/dI slope of Sample A after the transition is the similar to that of
Sample B.
3.2 Recombination Lifetime Reduction
For greater insight into the recombination lifetime, the bias-dependent microwave optical
response of both samples is measured and data fitting is performed [36]. The 3-port optical
S-parameters are measured using a calibrated Agilent E8364B PNA. The calibration is per-
formed using an off-wafer calibration substrate to shift the reference plane to the probe tips
and its accuracy is verified using a thru measurement (magnitude and phase). The fiber is
coupled into a 25 GHz New Focus 1414 photodetector, the output of which is further ampli-
fied by a 40 Gb/s Picosecond Pulse Labs Series 5882 RF amplifier before being measured by
the PNA. Therefore the optical response S31 (port 1 being the base of the common emitter
TL and port 3 the optical) measures the effect of (i) the device input (layout and parasitics),
(ii) the laser, and (iii) the photodetector. The measured optical response rolls off at 60 dB
/ decade until 25 GHz and 80 dB / decade thereafter. The photodetector f−3db is ≈ 25 GHz
and the fitting procedure used does not take into account frequencies beyond 25 GHz. The
measured data is unaltered and has not been “de-embedded” to give the appearance of a
faster laser than actually measured. Ripples in the data are caused by fiber reflections that
perturb cavity gain. The equations that describe the carrier-photon dynamics of a semi-
conductor laser and predict the optical frequency response were formulated by Statz and
DeMars [39].
dN
dt
=
JB
qwb
− N
τb,spon
− Γνg(N)S (3.1)
dS
dt
= Γνg(N)S + θ
N
τb,spon
− S
τp
. (3.2)
These equations establish the relationship between the input (current JB) and output laser
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power via the interactions between the electrons and photons in the device. The equations
assume single mode operation and the parameters used are: photon density (S), carrier
density (N), confinement factor (Γ), gain coefficient (g(N)), group velocity (ν), spontaneous
carrier lifetime (τb,spon), photon lifetime (τp) and spontaneous emission coefficient (θ). Upon
solving and normalizing we obtain a familiar two-pole transfer function which rolls off at 40
dB/ decade. However, in order to account for the 60 dB/decade roll-off that is observed,
we propose to use a three-pole transfer function with a fixed pole at 15 GHz to account for
input and layout parasitics. With this fixed value of the pole, a good fit is achieved to all
the data. The function used to model the normalized response is a product of the solution
to the rate equations multiplied by a single pole response for the layout and input parasitics
and is
H(ω) =
1
1− (ω/ωn)2 + j2(ω/ωn)ξ ·
1
1 + jω/ωL
, (3.3)
where
ωn =
√
Γνg′(N)S
τp
=
√
η
τpτb,spon
(
IB
ITH
− 1
)
(3.4)
and
ξ =
(
1
2ωnτb,spon
+
ωnτp
2
)
. (3.5)
The spontaneous recombination lifetime τb,spon and photon lifetime τp are used in con-
junction with a fitting parameter η to obtain a fit to the modeled natural frequency ωn and
damping factor ξ. Figure 3.5 shows measured and modeled optical responses of (a) Sample
A and (b) Sample B devices with length of 400 µm. The dots represent the measured data
and the solid lines the modeled response. Photon lifetime τp is related to the losses within
the cavity as well as the mirrors. For a heavily C-doped p-type active region the value of
the internal loss is expected [40] to be ≈ 30 cm−1 and using this along with Fabry-Perot
cavity reflection we obtain τp = 1.8 ps for a 400 µm cavity. By fitting the optical responses
to various bias conditions we obtain τb,spon = 30 ps for Sample A and 70 ps for Sample B.
These are in agreement with the values for Sample A (20 - 40ps) published previously [41].
It is noteworthy to observe the diminished amplitude of the resonance peak in the response
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of Sample A (1.5 dB) as compared to Sample B (4 dB). This is a direct consequence of
the reduced lifetime in the base region as we have claimed previously [26], [42], [41]. The
absence of a large resonance peak in the transistor laser’s frequency response results in an
improvement in signal integrity.
Figure 3.5: Normalized measured S31 (optical frequency response) with overlay of modeled
3-pole transfer function at varying bias conditions for the transistor laser fabricated on (a)
Sample A and (b) Sample B. The dots represent actual measured data and the solid lines
the fit. Sample A exhibits a diminished 1.5 dB resonance amplitude as a result of the short
spontaneous recombination lifetime τb,spon = 30 ps. For Sample B, the resonance amplitude
is 4 dB which is a result of the increased spontaneous recombination lifetime (τb,spon = 70
ps) due to the higher ∆EC,B offset which blocks electron transport to the collector.
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The reduction of spontaneous recombination lifetime in the transistor laser structure has
been experimentally validated and verified as a consequence of the competition between
the transport and recombination processes in the base [36]. By elucidating the effect of
the conduction band energy barrier (∆EC,B) layer, the correlation between the height of
the barrier, transistor electrical gain β, optical gain dL/dI and output power, spontaneous
recombination lifetime and carrier-photon resonance amplitude has been demonstrated. The
engineering of this energy barrier can be used to quantum-mechanically tune the spontaneous
recombination lifetime in a direct gap semiconductor; the base of the transistor laser.
3.3 Bandfilling and Photon-Assisted Tunneling
The TL, by virtue of the close coupling of the electrical gain and photon generation in the
base region, allows us to obtain further insight into the quantum mechanical processes of
transport and recombination in the transistor as well as their effects on laser operation and
vice versa.
The TL collector current can be modulated by either base current or collector voltage as
shown by the phenomenological expression Equation 3.6 [29]. The collector current of the TL
is IC = ICi+ICT+IC(αC(VBC), P ), where ICi is intrinsic collector current, ICT is ordinary
tunnel current, and IC(αC(VBC), P ) is the photon-assisted tunnel current, with αC(VBC)
the collector junction photon absorption (a function of VBC and not generally known) and
P the cavity photon population. The current gain (common emitter configuration) is β =
∆IC/∆IB and the output conductance g0 = ∆IC/∆VCE. These quantities can be identified
from the collector IC − VCE output characteristics, and are evident in the expression
∆IC (∆IB,∆VCE) =
∆IC
∆IB
∆IB +
∆IC
∆VCE
∆VCE = β ·∆IB + g0 ·∆VCE. (3.6)
Similarly, the laser output of the TL can either be modulated by the base current or by
the collector voltage as shown by Equation 3.7. The laser output power is L = Pvgαm ·hν =
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Figure 3.6: A 1-µm emitter width oxide-aperture TL (L = 400 µm) with IB = ITH = 22 mA
at 12 ◦C: (a) collector IC − VCE characteristics exhibiting gain compression owing to shift
from spontaneous to stimulated recombination in the base (IB = ITH), and (b) single-facet
laser optical L− VCE characteristics IB > ITH) with the optical power shifting in amplitude
due to the transition from Eλ0 , λ0 ≈ 1000 nm, to Eλ1 , λ1 ≈ 970 nm (∆E ≈ 38 meV).
ηext(IB − IB,TH) · hν/q, where ηext is the external quantum efficiency, vg is the photon group
velocity, h is Planck’s constant, hν is the photon energy, and αm is the mirror loss. The
optical gain with change in base current is G = ∆L/∆IB, and the optical gain with change
in voltage is Ω = ∆L/∆VCE. These quantities can be identified from the optical L − VCE
output characteristics and appear as
∆L (∆IB,∆VCE) =
∆L
∆IB
∆IB +
∆L
∆VCE
∆VCE = G ·∆IB + Ω ·∆VCE. (3.7)
The collector IC − VCE characteristics of a TL are shown in Figure 3.6(a). The output
“signature” of the transistor laser is compression of the collector current gain (manifest as
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reduced curve spacing) [26]. It is caused by a reduction in the base carrier lifetime, τB,
relative to the minority carrier transit time, τT , as the device shifts operation (threshold,
IB = ITH = 22 mA) from spontaneous to stimulated recombination (τsp > τstim). Note
also that the IC − VCE characteristics exhibit nonlinearity as IC approaches 85 mA. The
nonlinearity is due to the reduction in recombination lifetime as the laser shifts operation
from ground state (Eλ0) to the excited state (Eλ1). The higher-density upper states exhibit
reduced carrier lifetime. The single-facet laser power (measured with an integrating sphere)
of Figure 3.6(b), L− VCE, exhibits a striking change in the spectra and power (> 1.5 mW)
with the QW bandfilling from Eλ0 to Eλ1 . The laser light output of Figure 3.6(b) is much
more sensitive to the bandfilling than the current of Figure 3.6(a). An increase in light power,
L, is seen with ∆IB (= 2 mA, bandfilling, Eλ0 → Eλ1). However, a reduction in output power
is observed with increasing VCE due to the greater absorption of photon-assisted tunneling
at the closely coupled collector. With sufficient bandfilling, however, when λ0 → λ1 and the
higher energy and density of states at Eλ1 , the optical output increases sharply before again
quenching with higher bias VCE The reverse biased base-collector junction of the transistor
acts as a detector sensitive to photon-assisted tunneling [43]. Hence, IC increases (Figure
3.6 (a)) and the laser power decreases (Figure 3.6 (b)) as VCE increases (increased tunneling-
assisted absorption, see inset) at fixed base current IB. Further increase in the reverse-biased
base-collector junction voltage (VCE increasing toward 2.5 V), increases photon absorption
and reduces the cavity photon density below the laser threshold. The TL switches to the
usual form of transistor operation with spontaneous base recombination.
The differential electrical gain (β = ∆IC/∆IB) and optical gain (G = ∆L/∆IB) of the TL
are plotted in Figure 3.7 (a) and (b) at fixed bias VCE = 0.75 and 1.5 V, respectively. The
current gain at VCE = 1.5 V is reduced from β = 2.5 to 1 at laser threshold (λ0 ≈ 1000 nm ,
IB = ITH = 22 mA) and from β = 3 to 1.5 at higher QW energy (λ1 ≈ 970 nm, IB = 58 mA)
owing to the decreased carrier lifetime with the shift in operation from Eλ0 to Eλ1 and the
step-increase in density of states. The single-facet optical gain, ∆L/∆IB, is enhanced from
0.01 to 0.04 mW/mA at laser threshold and from 0.02 to 0.08 mW/mA at the transition
in operation from Eλ0 to Eλ1 . The electrical gain is reduced from β = 2 to 0.5 at laser
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Figure 3.7: TL with (a) the electrical gain, β = ∆IC/∆IB, reduced at laser threshold (λ0 ≈
1000 nm, IB = 22 mA, VCE = 0.75 and 1.5 V) and at higher QW energy (λ1 ≈ 970 nm,
IB = 58 mA, VCE = 1.5 V); and (b) single-facet current-modulated optical gain, ∆L/∆IB,
with optical power differential gain enhanced at laser threshold and at the transition from
λ0 to higher QW energy Eλ0 → Eλ1(λ0 → λ1).
threshold and is saturated between IB = 22 to 43 mA. The electrical gain decreases with
further increase for IB > 43 mA, and the collector current saturates (is constant) at VCE =
0.75 V (see Figure 3.6 (a)). The optical gain decreases with bandfilling and mode-shifting.
The laser threshold and the threshold for the transition from Eλ0 → Eλ1 are dependent on
both VCE and IB, and are given by the plot of optical gain vs. IB for various VCE. As
expected the electrical and optical gains are complementary, inversely related.
The TL laser spectra for a fixed VCE = 1.5 V are plotted with base current IB = 40 to 80
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Figure 3.8: TL laser spectra for fixed VCE = 1.5 V plotted with base current IB = 40 to
80 mA. Bandfilling is observed on Eλ0 from λ0 ≈ 1003 to 994 nm at current IB < 55 mA,
shifting at IB > 58 mA to Eλ1(λ1 ≈ 973 to 975 nm) and much higher current-modulated
optical gain ∆L/∆IB.
mA as shown in Figure 3.8. Bandfilling is observed for Eλ0 from λ0 ≈ 1003 to 994 nm for
currents IB < 55 mA. With IB > 58 mA the shift in lasing state is observed with Eλ1(λ1 ≈
973 to 975 nm) and much higher optical gain ∆L/∆IB. The transistor laser spectra at fixed
base current IB = 60 mA are plotted with output voltage from VCE = 0.5 to 1.95 V in
Figure 3.9. The laser spectrum shifts from Eλ0(λ0 ≈ 1003 to 994 nm) for VCE < 1.35 V to
Eλ1(λ1 ≈ 972 to 983 nm) for VCE > 1.35 V, and with the optical gain, ∆L/∆VCE, increasing.
The spectral transition from Eλ0 to Eλ1 modes is clearly evident. The operation of the TL
in the lower or higher state can be tuned by either IB or VCE as expected from Equation
3.7 and offers a unique method of selecting lasing wavelength. The unique structure of the
TL; a detector (BC junction) within 400 A˚ of the quantum-well and its corresponding effect
on (measurable) collector current, allow the electrical measurement of complex quantum
mechanical and laser cavity effects such as bandfilling, state transition and mode-hopping.
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Figure 3.9: TL laser spectra at fixed base current IB = 60 mA plotted with output voltage
from VCE = 0.5 to 1.95 V. The laser spectrum shifts from Eλ0(λ0 ≈ 1003 to 994 nm) for
VCE < 1.35 V to Eλ1(λ1 ≈ 972 to 983 nm) for VCE > 1.35 V, and with the voltage-modulated
optical gain, ∆L/∆VCE, increasing.
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CHAPTER 4
PERFORMANCE OF
THIRD-GENERATION DEVICES
The process improvements highlighted in Chapter 2 have been fully incorporated into the
third-generation transistor laser establishing a reliable baseline process. In the following
section the performance of the devices fabricated using the third-generation process is dis-
cussed. A false color cross section of such a fabricated device is shown in Figure 4.1. The
device shows the capability for 20 Gb/s open-eye operation at temperatures from 15 ◦C to
25 ◦C [42].
Figure 4.1: False color SEM of a 400 µm-long transistor laser. Inset: (a) base current
modulated and (b) collector voltage modulated transistor laser configuration. (Bias tees are
shown as white boxes on inset schematics.)
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4.1 Current Modulated 20 Gb/s Data Transmission
The measurement setup has been described in Section 3.2. Figure 4.2 shows the collector
IC − VCE and optical L − VCE characteristics of the 400 µm-long transistor laser. The
device is fabricated on the crystal with ∆EC,B is 41 meV and τb,spon = 30 ps. The shift
from spontaneous to stimulated operation is indicated by beta compression in the IC − VCE
family of curves and is caused by a reduction in the minority-carrier lifetime (τb,spon) in
the base. The fine structure also reveals the laser transitioning from Eλ0 → Eλ1 (blue);
the first excited state operation resulting in further reduction of the carrier lifetime and a
corresponding increase in bandwidth. The device exhibits a threshold of 30 mA at 20 ◦C
which drops to 27.5 mA at 15 ◦C and rises to 35 mA at 25 ◦C. The minimum current for
the state transition Iλ0 → Iλ1 = 45 mA which rises to ≈ 55 mA at 15 ◦C and drops to 40
mA at 25 ◦C.
A 43.2 Gb/s Agilent 81250 ParBERT is used to generate the 20 Gb/s NRZ 27-1 PRBS
signal with 0.5 VPP voltage swing used for TL characterization. The signal is fed into the
base port through an HP 11612B 50 GHz bias network and GGB Industries 50 Ghz GSG
probe. The probe fiber is coupled into a high-speed (25 GHz) New Focus 1414 photodetector.
The photodetector output is amplified by a 40 Gb/s Picosecond Pulse Labs Series 5882 RF
amplifier before being captured by an Agilent 86100C high-speed sampling oscilloscope using
a 50 GHz Agilent 86117A receiver module.
Figure 4.3 shows the RF optical bandwidth for 15 - 25 ◦C with eye diagrams at 15 and
25 ◦C. The eye diagrams are a result of a 16 waveform average applied by the oscilloscope.
The bias conditions are as follows: (i) T = 15 ◦C: IB = 90 mA, VCE = 1.75 V. (ii) T =
20 ◦C: IB = 90 mA, VCE = 1.6 V. (iii) T = 25 ◦C: IB = 90 mA, VCE = 1.5 V. The bias
points are chosen based upon the L−VCE family of curves to track the highest light output.
The RF optical bandwidths corresponding to the three bias points are (i) 14.5 GHz, (ii)
13.7 GHz, and (iii) 11.8 GHz. Bandwidth is reported directly from 3-port s-parameter data
acquired by a calibrated Agilent E8364B PNA. The light is collected in a manner identical
to the eye diagram measurement and the amplifier is attached to port-3 of the PNA. The
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f−3dB bandwidth is read off directly from S32 (port 2 is the base input) after a moving
average is used to smooth out the data (ripples due to reflections). Modulation bandwidth is
proportional to
√
I/ITH − 1, thus we use the ratio I/ITH to quantify modulation efficiency.
The I/ITH ratio at 90 mA is ≈ 3 for the given temperatures and is much lower than that
reported for all current-generation diode lasers including VCSELs [44] and microcavity lasers
Figure 4.2: A 1-µm emitter width oxide-aperture QWTL (L = 400 µm) with IB = ITH = 30
mA at 20 ◦C: (a) collector IC−VCE characteristics exhibiting gain compression owing to shift
from spontaneous (IB = ITH) to stimulated recombination in the base and (b) single-facet
laser optical L − VCE characteristics (IB > ITH) with the optical power shifting in energy,
and sharply in amplitude, from Eλ0 , λ0 ≈ 1000 nm, to Eλ1 , λ1 ≈ 970 nm. The solid circles
represent the bias points for the eye diagram and RF analyses. Inset: schematic illustrating
the intra-cavity photon assisted tunneling process in the BC junction that is responsible for
decreasing the light output at higher bias voltages.
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Figure 4.3: (Current modulation) Measured S32 data for base→ optical port response at IB
= 90 mA, at T = 15 ◦C, 20 ◦C and 25 ◦C. Inset: corresponding open and clear 20 Gb/s eye
diagrams at T = 15 ◦C and 25 ◦C. Eye diagrams use oscilloscope averaging.
[45], [9].
Figure 4.4: Side-by-side L − VCE characteristics of the device at (a) 15 ◦C and (b) 25 ◦C
showing the earlier onset of the first excited state at higher temperature. Solid circles indicate
the bias points at 70 mA and 1.5 V.
We have observed that the transition to the first excited-state (blue region in L − VCE
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curves of Figure 4.4) occurs at a lower base current at higher temperature. The Eλ1 , state
results in a faster τb,spon and as a result the device can be operated at a higher frequency
[26]. Figure 4.5 shows the RF optical bandwidth for 15 - 25 ◦C with eye diagrams at 15
and 25 ◦C. Again, the eye diagrams are a result of a 16 waveform average applied by the
oscilloscope. The bias condition is set to IB = 70 mA, VCE = 1.5 V which results in the
device operating in the Eλ0 state at 15
◦C but in the Eλ1 state at 25
◦C. The device is
capable of open eye transmission at 25 ◦C with the same 20 Gb/s signal at I/ITH = 2. The
corresponding eye diagram at 15 ◦C is closed due to the delayed onset of the first excited
state. The RF optical bandwidths S32 corresponding to the three bias points are (i) 7.7 GHz,
(ii) 9.0 GHz, and (iii) 10.5 GHz. The resonance-free response and excited-state bandwidth
increase of the transistor laser allow for 20 Gb/s open-eye operation at low bias levels. The
eye diagrams in Figures 4.3 and 4.5 are proof that the transistor laser has rise and fall times
capable of 20 Gb/s transmission at room temperature. In addition, the small amplitude (≈
1.5 dB) of the resonance peak leads to eye diagrams free of overshoot. However, in order to
Figure 4.5: (Current Modulation) Measured S32 data for base → optical port response at
IB = 70 mA, VCE = 1.5 V at T = 15
◦C, 20 ◦C and 25 ◦C showing an increase of the RF
optical bandwidth with temperature due to excited-state operation. Inset: corresponding 20
Gb/s eye diagrams at T = 15 ◦C and 25 ◦C showing a closed eye at lower temperature and
an open eye at higher temperature. Eye diagrams use oscilloscope averaging.
41
realize a system that is capable of error-free transmission, un-averaged eye diagrams must
have large enough eye openings at the decision points. An in-depth discussion of the issues
affecting eye-opening and optical modulation amplitude is discussed in Chapter 5.
4.2 Voltage Modulated 20 Gb/s Data Transmission
The phenomenon of photon-assisted tunneling has been discussed previously in Section 3.1
[28], [29] and arises due to the band bending in the BC depletion region. As illustrated
in Figure 4.2, as VCE is increased VCB increases causing the tilt in the energy bands to be
more pronounced. Since the electron wavefunction can tunnel into the valence band, the
energy required for an upward transition to the conduction band is less than Eg. A photon
from the laser cavity can therefore trigger a tunneling event by causing the generation of an
electron hole pair. The photon absorption increases in magnitude with VCE (= VCB + VBE),
manifest as a drop in light output in the L−VCE characteristics and a corresponding increase
in collector current in the IC − VCE family. With sufficient VCE it is possible to reduce the
photon density below threshold, turning off the laser. Here, it is shown that this voltage
modulation of the laser is capable of open-eye operation at 20 Gb/s. The measurement setup
is identical to Section 4.1 and the device is biased as follows: (i) T = 15 ◦C, IB = 90 mA,
VCE = 1.75 V. (ii) T = 20
◦C, IB = 90 mA, VCE = 1.6 V. (iii) T = 25 ◦C, IB = 90 mA, VCE
= 1.55 V.
Figure 4.6 shows clear, open eye diagrams for all temperatures obtained by applying the
data signal from the ParBERT to the collector port. The measured optical modulation
bandwidths S31 (port 1 is the collector input) from the PNA for each bias condition are (i)
13.4 GHz, (ii) 12.7 GHz, and (iii) 12.2 GHz for the different temperatures. The ability to
selectively modulate the transistor laser either by current (conventional recombination) or by
voltage (intracavity photon-assisted tunneling) arises from the unique three-port structure
of the TL and offers a flexibility for potential high-speed photonic integrated circuit design.
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Figure 4.6: (Voltage Modulation) Open eye diagrams with a 0.5 Vpp 20 Gb/s NRZ 2
7-1 PRBS
signal applied to the collector terminal at T = 15 ◦C, 20 ◦C and 25 ◦C. IB and VCE bias
points are indicated for each diagram. Eye diagrams use oscilloscope averaging.
4.3 28 dB Reduction in Relative Intensity Noise (RIN)
The transistor lasers fabricated by the third-generation process have been analyzed in terms
of Relative Intensity Noise (RIN) [46]. The details of the measurement and the underlying
physics are the subject of a coworker’s thesis and have been discussed in great detail [47].
The fabricated transistor lasers have demonstrated a 28 dB reduction in RIN in comparison
to a Fabry-Perot diode laser at the same optical power as shown in Figure 4.7. This is yet
another indication of the potential of the transistor laser as a high-fidelity data transmitter.
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Figure 4.7: Comparison of the RIN between a transistor laser and a comparable diode laser.
The optical power of each laser, coupled into the fiber is 4 mW.
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CHAPTER 5
ERROR-FREE DATA TRANSMISSION
In order to be a viable transmitter a semiconductor laser must be able to transmit data
with an acceptable Signal-to-Noise Ratio (SNR) to ensure that the transmitted signal can
be recovered at the receiver. This chapter elucidates the minutiae associated with Bit Error
Ratio (BER) characterization of the TL. The BER is defined as:
BER =
Number of errors detected
Number of bits transmitted
. (5.1)
Datacom transceivers have to achieve a BER < 10−12 in order to be classified as operating
error free.
5.1 Factors Affecting BER in Laboratory Measurements
Since the BER characterization is a measure of complete system performance, it is not subject
to any calibration or de-embedding. Every system, down to each cable and connector must
operate perfectly in order to provide an accurate measurement. BER is inversely proportional
to Signal-to-Noise Ratio (SNR) of the received data stream. Figure 5.1 illustrates the various
components of the BER measurement setup which are:
1. Pattern generator.
2. Amplifier - attenuator combination to achieve desired voltage swing (if needed).
3. RF cable and 2.4 mm male-male adapter (if needed).
4. Bias network.
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Figure 5.1: Schematic of the BER measurement setup highlighting each component of the
transceiver system. The dashed lines indicate clock routing for capturing eye diagrams.
5. Ground-Signal-Ground (GSG) probe.
6. Device probe pads and transistor laser.
7. Laser beam collimation and fiber coupling apparatus.
8. Three meter long OM4 graded index multimode fiber.
9. High-speed photodetector and amplifier.
10. Error analyzer.
Loose connectors, bad cables and non-uniform probes increase attenuation of the electrical
signal at the input and degrade the SNR even before the signal is fed into the TL. Bias
networks are required to have a flat frequency response over the highest possible bandwidth
in order to pass the data stream with minimal distortion. Probe loss is to be minimized using
the least number of adapters and maintaining a common connection standard (2.4 mm RF
coax). The TL under test requires minimal impedance mismatch with the 50 Ω components
and maximal dL/dIB slope to ensure highest possible Optical Modulation Amplitude (OMA).
Of course, the device also needs to be fast enough in order to pass the data stream at
the selected bit rate. Once the light is coupled into the fiber, the length of the fiber and
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the dispersion of the various propagating modes can smear out the pulse before it reaches
the other end of the fiber. The photo-detector must be carefully selected to have a high
responsivity (A/W) at the target wavelength and the integrated transimpedance amplifier
should have low noise and high gain. If further amplification is required then subsequent
amplifiers should have high linearity and low noise figures.
In order to pass error-free data, the eye-diagram detected by the oscilloscope must have
a clear opening, measured without oscilloscope averaging. The opening must be sufficient
for the error analyzer to place a decision point (sampling time and threshold voltage) in the
eye center. Transistor laser eye diagram characterization with devices from the sample with
Figure 5.2: Comparison of 10 Gb/s 27-1 NRZ PRBS 0.5 VPP un-averaged eye diagrams
passed by transistor lasers of varying lengths from the same process lots. The devices are
fabricated on the epitaxial material with ∆EC,B = 41 meV (Sample A). Shorter devices
show larger eye openings due to higher differential input impedance and consequently a
better match to the 50 Ω source.
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Figure 5.3: The L-IB curves of two 400 µm long TLs fabricated on Sample A (dashed lines)
and Sample B (solid lines) at 15 ◦C. Sample B exhibits a higher dL/dIB slope than Sample
A.
∆EC,B of 41 meV is shown in Figure 5.2; 400 and 300 µm cavity transistor lasers are unable
to achieve clear eye openings whereas the 200 µm device performs better in this regard. All
transmitted eye diagrams are OMA limited and do not have a large enough eye-opening to
place a decision point. Upon further examination it is clear that the devices are fast enough
(small signal bandwidth) since the eye diagram is not limited by the rise or fall time.
5.2 Maximizing Transistor Laser Eye SNR
Though there are many factors affecting OMA, given the equipment inventory only a few can
be controlled in the scope of this dissertation. As has been discussed in Section 3.3 (Figure
3.4) the devices processed on material with longer carrier lifetime (τb,spon = 70 ps, Sample B)
exhibit higher dL/dIB slope and should therefore have higher OMA than the devices with
τb,spon = 30 ps (Sample A). This is illustrated in Figure 5.3 which plots the L-IB curves of two
400 µm long TLs fabricated on Sample A (dashed lines) and Sample B (solid lines) at 15 ◦C.
It is clear, even though the Sample A TL has a lower threshold current, that the maximum
magnitude of its dL/dIB slope is less than half that of the Sample B TL. The Sample B TL,
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even with a higher resonance distortion in the transmitted eye diagram should be able to
exhibit a greater OMA.
Figure 5.4: The VBE-IB curves of two 400 µm long TLs fabricated on Sample A (dashed lines)
and Sample B (solid lines) at 15 ◦C. Both samples have very similar differential impedance
at the common bias points.
In order to ensure that the differences between the behavior of these samples is related
solely to the dL/dIB slope, Figure 5.4 shows the VBE-IB curves of the same devices. At
typical bias points of 110 mA for Sample A and 150 mA for Sample B their differential
impedance is very similar (≈ 5 - 6 Ω). This results in a mismatch with the 50 Ω signal
generator with Γ ≈ = -0.81 which implies that 80% of the incident RF power is reflected
back for each device.
The impedance mismatch is a very significant contributor to lowered OMA since it results
in a degradation of the input SNR even before the electrical signal is able to modulate the
lightwave. In order to elucidate the effect of device length Figure 5.5 shows the VBE-IB
curves of one 200 µm long (solid lines) and one 400 µm long (dashed lines) TL fabricated on
Sample B at 15 ◦C. The bias current (IB) for the 200 µm long device is 85 mA and that of the
400 µm long device is 145 mA while VCE is 1.5 V for both. The 200 µm long device exhibits
a 2 × higher differential resistance than the latter (also clear from the slope of the VBE-IB
curve). For an impedance of 10 Ω the impedance mismatch will result in Γ ≈ = -0.66 for the
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Figure 5.5: The VBE-IB curves of one 200 µm long (solid lines) and one 400 µm long (dashed
lines) TL fabricated on Sample B at 15 ◦C. The common bias point for the 200 µm long
device is 65 mA and that of the 400 µm long device is 145 mA. The 200 µm long device
exhibits a 2 × higher differential resistance than the latter.
200 µm long device which is almost 20% lower than that for the 400 µm long device. Since
a shorter device on the same material is able to achieve a wider opening (Figure 5.2) with
identical output power, fiber, photo-detector and amplifier, the increase in the BE junction
impedance of the short device is responsible for reduced modulating signal reflection at the
input and consequently, higher OMA.
The 200 µm cavity device also exhibits a ≈ 2 × higher dL/dIB slope than the 400 µm
cavity device as shown in Figure 5.6. This is due to the fact that the photon lifetime is
shorter, a result of increased mirror loss and higher leakage rate at the facets than the longer
devices. Longer cavity devices will also be more susceptible to a phase difference in the
modulating signal between the center and ends of the cavity at high frequencies, resulting
in inefficient modulation and lower OMA. By selecting the sample with a longer lifetime
(Sample B) and a 200 µm cavity a ≈ 3-4 × increase in the dL/dIB slope and a 2 × increase
in differential impedance are obtained over a 400 µm cavity Sample A device.
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Figure 5.6: The L-IB curves of one 200 µm long (solid lines) and one 400 µm long (dashed
lines) TL fabricated on Sample B at 15 ◦C. The common bias point for the 200 µm long
device is 65 mA and that of the 400 µm long device is 145 mA. The 200 µm long device
exhibits a 2 × higher dL/dIB slope than the latter.
5.3 Error-Free Transmission by a Transistor Laser at 22 Gb/s
5.3.1 RF Bandwidth Measurement
The device selected for the test is fabricated on the crystal with ∆EC,B = 82 meV (Sample
B) in order to maximize dL/dIB (2-3 × that of the crystal on Sample A). The device is 200
µm in length and is mounted on a stage which is thermally stabilized at 15 ◦C. A Newport
3150 TEC maintains temperature control and stage temperature is measured ≈ 5 mm from
the sample location. A nitrogen flow spreader is employed in order to provide an inert
atmosphere for device operation to protect exposed facets from oxidation. The device is
probed with a pair of 50 GHz 75 µm pitch probes from GGB Industries connected to Agilent
11612B 50 GHz bias networks. Small signal analysis is performed using an Agilent 8364B
50 GHz Parametric Network Analyzer (PNA). The reference planes are calibrated to the
probe tips using an off-wafer SOLT calibration substrate. The reflection and transmission of
known standards are used to verify the calibration. The laser output is collimated by a lens
and the beam is passed through an optical isolator to prevent reflections that disturb cavity
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gain. The light is then coupled into a 3 meter long 50 µm core OM4 fiber and the fiber is
coupled into a 25 GHz bandwidth New Focus 1414-50 photodetector. This is connected to
port 3 of the PNA to measure the frequency response S31 which is shown in Figure 5.7. At 15
◦C with bias IB = = 85 mA and VCE = = 1.5 V the device exhibits a -3 dB bandwidth f−3dB
= 10.4 GHz. The resonance amplitude is 5 dB and is a result of the longer recombination
lifetime (70 ps) in the material as discussed in [36].
Figure 5.7: Measured S31 (optical frequency response) at varying bias conditions for the
200 m long transistor laser used for the subsequent BER characterization. The response is
normalized to 0 dB at 1 GHz for each bias point.
5.3.2 22 Gb/s BER Measurement
The 27-1 NRZ PRBS signal is generated by a SHF 12104A 60 Gb/s pattern generator at 22
Gb/s with a 400 mVPP amplitude. The output is amplified by either a SHF 807 50 GHz
amplifier followed by a 10 dB Anritsu 41V-10 attenuator to produce a 1.4 VPP signal or a
Picosecond Pulse Labs 5882 amplifier and 3 dB Anritsu 41V-3 attenuator to produce a 1.7
VPP signal, as shown in Figure 5.8.
A 50 cm long 50 GHz bandwidth cable is used to transmit the signal to the bias network
and into the base of the TL. The collector side bias network is terminated with a 50 Ω load
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Figure 5.8: Eye diagrams captured at the output of the Agilent 11612B bias network with
(a) the SHF 807 amplifier cascaded with a 10 dB attenuator and (b) the Picosecond Pulse
Labs 5882 amplifier cascaded with a 3 dB attenuator at the output of the data channel of
the SHF 12104A Bit Pattern Generator. The vertical scale for both eyes is identical and
equals 380 mV / division.
to minimize reflections. The fiber coupling setup is identical with the same New Focus 1414-
50 photodetector which is cascaded with either a Picosecond 5882 or SHF 807 amplifier
depending on the input setup. For eye diagram analysis the receiver setup is connected
to an Agilent 86117A 50 GS/s measurement head within the Agilent 86100C Oscilloscope
mainframe. An Agilent 86107A Precision Timebase Module triggered off the divided clock
is used as the time reference. Clear, open un-averaged eye diagrams are obtained for both
sets of input and output amplifier combinations as shown in Figure 5.9. These eye diagrams
are acquired with 1.1 mW of power coupled in the fiber.
In order to perform bit error ratio (BER) analysis a continuously variable neutral density
filter is employed to control the power within the fiber. This is measured by terminating the
fiber into a calibrated Newport 818-IR detector and reading the output off a Newport 1830-C
optical power meter. Figure 5.10 shows the BER vs. received optical power for the device
using the Picosecond amplifier at the input. The device operates with a BER < 10−12 (error
free) for received optical power > 0.78 mW. Over 100 trillion (1014) bits are transmitted
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Figure 5.9: Measured un-averaged optical eye diagrams of the 200 µm TL transmitting 27-1
PRBS data at 22 Gb/s at 15 ◦C. The device is biased with IB = 85 mA and VCE = 1.5 V.
The input signal from the SHF 12104A is amplified to (a) 1.4 VPP by a SHF 807 amplifier
cascaded with a 10 dB attenuator and (b) 1.7 VPP by a Picosecond Pulse Labs 5882 amplifier
cascaded with a 3 dB attenuator.
without error for received optical powers > 0.8 mW, only pausing to re-align the fiber. Both
input amplifier combinations show error-free operation. This is the fastest demonstration of
error-free data transmission using a transistor laser and shows the capability of the device
for use in high-speed communication.
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Figure 5.10: Log of the measured bit error ratio Log(BER) vs. received optical power for the
200 TL transmitting 27-1 PRBS data at 22 Gb/s at 15 ◦C. The bias conditions are identical
to those for the eye diagram. The input signal is amplified to 1.7 VPP by a Picosecond Pulse
Labs 5882 Amplifier cascaded with a 3 dB attenuator.
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CHAPTER 6
FOURTH-GENERATION PROCESS
INTEGRATION
Based on the analysis of the transistor laser presented in this dissertation two factors have
been identified that hold potential to realize faster modulation to allow for data transmission
at 40 Gb/s and beyond.
6.1 Short Cavity Device Development
In order to surpass the parasitic limitation identified in Section 3.3 as well as exhibit higher
input impedance as discussed in Section 5.2, it is prudent to steer transistor laser research
toward designing and fabricating a short cavity device (< 200 µm). Such a TL is expected to
have reduced base-collector capacitance (CBC) as well as increased input impedance (RB,in =
dVBE
dIB
) to provide a better impedance match to the signal generator. Additionally a shorter
cavity has a shorter photon lifetime that results in greater dL/dIB slope. A short cavity (<
200 µm) device is expected [40] to combine these benefits along with lower phase variation
along the device cavity to yield a higher-performing device. Third-generation transistor lasers
are cleaved Fabry-Perot cavity devices with ≈ 30% reflection at the GaAs - Air interface.
Equation 6.1 is the expression for threshold gain (gth) of a laser which shows an inverse
dependence on cavity length (L) and facet reflectivities (R1 and R2) where Γ denotes the
optical confinement factor and αi the intrinsic loss. Short cavity lasers by definition have
shorter gain regions and require increased facet reflectivities in order to have low threshold
currents [30].
Γgth = αi +
1
2L
ln
1
R1R2
. (6.1)
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Devices shorter than 200 µm are extremely difficult to cleave (aspect ratio) and handle.
A short cavity TL will be developed by employing an ICP-etched DBR in the cladding of
the device. Figure 6.1 is a plot of the reflectivity of a mirror consisting of multiple periods
of first- and third-order gratings of the transistor laser cladding waveguide (high index) and
fully cured planarizing polymer BCB (low index, 1.54). This model assumes a loss of 10
cm−1 and an effective index of 3.296, calculated numerically, for the cladding. BCB is the
natural choice for the low index material since it is currently used in the TL process and
will be required to encapsulate the exposed 4000 A˚ of oxidizable Al0.95−0.99Ga0.05−0.01As to
prevent against further oxidation. Etched DBRs have been demonstrated successfully in
diode lasers [40] and will also allow for on-wafer testing of TLs without the need to cleave,
resulting in better statistical process data in earlier steps.
6.2 Zinc Diffusion into Extrinsic Base
The base resistance of the transistor laser results in an attenuation of the input signal before
it reaches the active region. It is for this reason that lowering the extrinsic base resistance is
Figure 6.1: Calculated reflectivity of two, three and five periods of first- and third-order
DBRs consisting of BCB and semiconductor waveguide. It is projected that high-reflectivity
facets will be possible with only a few periods due to good index contrast between the layers.
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critical to increasing the speed of the TL. Reduced resistance will also result in in reduced
heat generation and will allow the laser to function over a wider range of bias currents and
temperatures. For this purpose it is desirable to heavily dope the extrinsic base using a zinc
diffusion process. Zinc (Zn) diffuses into GaAs substitutionally and interstitially [48], [49]
and is a shallow acceptor that can result in heavy doping in the range 5×1019 - 1×1020 cm−3.
6.2.1 Low-Damage Sidewall Spacer Development
In order to provide a layer to selectively block zinc diffusion into the cladding and emitter,
a sidewall spacer is required. A low-damage SiNx sidewall spacer process is developed (as
illustrated in Figure 6.2) for this purpose as follows:
1. After the emitter etch and cladding oxidation, 1200 A˚ of SiNx are deposited by Plasma-
Enhanced Chemical Vapor Deposition (PECVD).
2. Photoresist is spun on the sample and subsequently etched by an anisotropic oxygen
plasma at a high DC bias. This removes PR from the entire sample except the cladding
sidewalls and a foot on the emitter layer that has a length that can be tuned by the
thickness of the deposited SiNx and the overlap of the emitter contact layer.
3. A low-power, low-damage Freon (CF4) plasma is used to etch the SiNx until the emitter
layer is exposed throughout the sample. Since the emitter contact already has SiNx
as a result of the hard mask, it has a greater thickness and retains the SiNx diffusion
barrier on top.
4. The remaining photoresist is removed with a stripper.
A cross section of the waveguide with this spacer is shown in Figure 6.3 which shows
excellent mesa and sidewall coverage.
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6.2.2 Diffusion from Spin on Coatings
Previous attempts at zinc diffusion in this laboratory have relied upon using a spin on dopant
film (ZDPC2-2000 by Futurrex) as the zinc source. The processing guidelines are:
Figure 6.2: Schematic illustrating each step of the low-damage SiNx sidewall spacer process.
Figure 6.3: Scanning electron micrograph of a cross section of the emitter mesa showing the
sidewall spacer formed by selectively masking SiNx with photoresist and etching in a very
low bias Freon (CF4) plasma.
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1. ZDPC2-2000 is spun on at 3000 RPM for 60 sec.
2. It is cured at 200 ◦C for 2 min.
3. An O2 plasma Reactive Ion Etch (RIE) is used to remove organic material.
4. SiNX is deposited by PECVD to encapsulate the film.
5. The diffusion is carried out at 550 to 600 ◦C.
6. Residual film is removed in an HF acid solution.
This process suffers from many drawbacks. Residual organic material left in the film
hardens during the diffusion step and becomes difficult to remove without aggressive plasma
treatment which damages the exposed base surface. This results in incomplete encapsulation
with SiNX . High-temperature processing of GaAs > 500
◦C without Arsine (AsH3) overpres-
sure results in As out-diffusion related defects and poor surface morphologies. Incomplete
coverage with SiNX exacerbates this problem and results in a damaged surface. Removal
of the film calls for an HF acid solution. This is not compatible with the high-composition
Al0.95−0.99Ga0.05−0.01As layers in the cladding which are etched very fast in the presence of
weak concentrations of HF. As a result, all attempts at this process have yielded inconsistent,
unrepeatable results without a single verifiable improvement in performance. An exemplar
Figure 6.4: Scanning electron micrographs of the GaAs base surface samples diffused with
(a) ZDPC spin-on coating and (b) ZnAs2 in a sealed ampoule.
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surface a sample diffused with ZDPC2-2000 followed by the prescribed 10% HF removal is
shown in Figure 6.4 (a). The surface is damaged and covered in organic material. Lack of
Arsine overpressure in this method has negative consequences on the integrity of the crystal
surface.
6.2.3 Sealed Ampoule Zinc Diffusion
In the absence of an open tube Arsine overpressure system, the most reliable method of
diffusing zinc into GaAs while minimizing damage is the use of sealed quartz ampoules. In
order to implement this in the future, an ampoule seal-off station has been recommissioned.
The following steps have been taken to ensure reliability. The diffusion pump has been
dismantled, cleaned and filled with the finest-quality Santovac-5 oil. All valves, flanges, seals
and o-rings have been inspected, changed if necessary, cleaned and tightened and the system
has been leak checked. A base pressure of 5 ×10−6 Torr has been established at the seal-off
port. The sealed ampoule Zn diffusion process consists of the following steps:
1. Ampoules are pulled from cleaned 3/8 inch quartz tubes and quarts loops are attached.
2. The pulled ampoules are etched for 3 hours in a 10:1 Buffered Oxide Etch solution and
rinsed thoroughly.
3. Once rinsed, the ampoules are attached to the vacuum port, roughed out, pumped
down to high vacuum and flame polished. This step drives out all moisture and the
extreme heat from the Hydrogen flame also ensures all impurities are captured by the
diffusion pump. A small dimple is formed at the end of the tube to separate the source
from the sample.
4. A ≈ 30 mm3 piece of ZnAs2 (cleaned in HCl, rinsed and dried in nitrogen) is loaded.
The sample is dipped in HCl for 3 seconds to etch the In0.49Ga0.51P emitter and reveal
the base. It is then rinsed and dried before being loaded.
5. The ampoule is pumped down and a quick flame off is performed exercising extreme
care. The function of this is to drive off any moisture in the source and sample so that
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it does not contaminate the ampoule. If the sample is overheated, the low pressure
will allow for Arsenic out-gassing. The ampoule surface around the sample and source
is cooled with wet rags.
6. Once the ampoule attains base pressure another quick flame off is performed and the
ampoule surface near the sample surface is again cooled down.
7. Additional wet rags are used to protect hands and the sample end of the tube while
three long dimples (8-10 cm) are made in the ampoule by a moderate hydrogen flame.
These are carefully reheated until a seal is visible in the quartz.
8. The flame intensity is increased and the ampoule is carefully heated to allow the quartz
to be pulled. The ampoule is separated from the rest of the quartz tube and allowed
to cool.
9. The sample is inserted into the hot zone of a furnace set to the required temperature
for the determined time.
10. Once the time is up, the ampoule is withdrawn quickly and the source and seal ends of
the ampoule are cooled with wet rags for 3 seconds to condense the ZnAs2. The whole
ampoule is cooled immediately thereafter; this ensures that the source vapor does not
condense on the TL sample. It is scored, popped, and the sample is removed.
11. The SiNx sidewall spacer is dry etched and the sample is dipped in HCl to remove
surface contamination before resuming the process.
Trial runs with the system have shown a marked improvement in GaAs surface quality after
diffusion at 600 ◦C as compared to spin on coating runs as shown in Figure 6.4 (b). We have
additionally verified Zn diffusion by the observation of Impurity Induced Layer Disordering
(IILD) in a dummy crystal with a DBR structure. Since the diffusion depth of zinc into the
base is required to be very shallow (≈ 40 nm) the time required is correspondingly short (≈
5 minutes).
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6.3 DC and RF Characteristics of First-Generation Zinc Diffused
Devices
The sealed ampoule Zinc diffusion process is integrated into the baseline process in between
the emitter etch and base metal steps. Zinc diffusion is carried out for 5 minutes at 600
◦C in the hot-zone of the furnace for this particular sample. The devices are fabricated on
the material with ∆EC,B = 82 meV corresponding to τb,spon = 70 ps. Figure 6.5 shows the
collector IC−VCE family of curves for the Zn diffused sample (black and red) and the control
sample (black and blue). It is immediately apparent that the VCE offset voltage for the Zn
diffused sample is reduced as a result of reduction in RB,extrinsic due to heavy p-doping from
the Zn diffusion. The Zn diffused sample exhibits β = 0.087 at IB = 100 mA and VCE = 1.5 V
while for the control sample at the same bias point β = 0.095. The reduction in β for the same
IB indicates an increase in base recombination since β = ∆IC/∆IB. This should correspond
to a higher output power (provided the recombination is radiative) however Figure 6.6 shows
that this is not the case. It shows single-facet optical L−VCE characteristics for 400 µm long
transistor lasers of the Zn diffused sample (red) and the control sample (blue). A reduction in
output power for the Zn sample compared to the control sample is observed under identical
test conditions. The maximum power at IB = 120 mA and VCE = 1 V is 3.2 mW for the Zn
diffused sample but 4.4 mW for the control sample.
RF characterization shows reduced bandwidth at identical bias points for the Zn diffused
TL compared to the control sample. Figure 6.7 is a plot of the normalized optical response
of 400 µm long TLs from the Zn diffused sample (solid lines) and the control sample (dots).
Both devices have a threshold current ITH = 55 mA and measurement is performed at
identical IB and VCE bias points. The reduction in light output for the Zn sample is a
consequence of decreased optical differential gain and these together lead to a reduction in
device bandwidth.
The optical measurement indicates that even though there is an increase in recombination,
it is likely non-radiative recombination. Visual inspection of the sample after the diffusion
process is inconclusive since it shows a mirror finish. Figure 6.8 shows scanning electron
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Figure 6.5: Collector IC − VCE characteristics for 400 µm long transistor lasers of the Zn
diffused sample (black and red) and the control sample (black and blue). The Zn diffused
sample exhibits β = 0.087 at IB = 100 mA and VCE = 1.5 V while for the control sample
at the same bias point β = 0.095.
micrographs at different magnifications of the extrinsic base surface after sidewall spacer
removal. It is evident that the extrinsic base surface is heavily damaged. The part protected
by the sidewall space does not show abnormal surface morphology. One of the possible causes
is that a short 5 minute diffusion time might not allow for repeatable, uniform heating of
the ampoule, sample and ZnAs2 source leading to insufficient As overpressure. In order to
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Figure 6.6: Single-facet optical L − VCE characteristics for 400 µm long transistor lasers of
the Zn diffused sample (red) and the control sample (blue). A reduction in output power for
the Zn sample compared to the control sample is observed under identical test conditions.
avoid such a tight, uncontrollable process window zinc diffusion is carried out for 20 minutes
at lower temperatures (500-575 ◦C). Better control of the surface is obtained this way. Table
6.1 shows the averaged data for contact and sheet resistances (measured at five separate
locations on each sample) for 20 minute long diffusions at 500, 550, 575 and 600 ◦C and
compares them to those of the control sample. Contact resistances are very low for diffused
samples (above 550 ◦C) and the model is unable to extract them accurately (resulting in
negative values). It is clearly observed that sheet resistance of the diffused samples reduces
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Figure 6.7: Normalized optical response of 400 µm long TLs from the Zn diffused sample
(solid lines) and the control sample (dots). Both devices have a threshold current ITH = 55
mA and measurement is performed at identical IB and VCE bias points.
with increasing temperature owing to deeper zinc penetration and consequently more holes
in the base. Once integrated into the TL process, optimized zinc diffusion promises to lower
extrinsic base sheet resistance which will result in reduced signal attenuation.
Figure 6.8: Scanning electron micrographs at different magnifications of the extrinsic base
surface after sealed ampoule Zn diffusion and sidewall spacer removal.
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Table 6.1: Table of the averaged data for contact and sheet resistances (measured at five
separate locations on each sample) for various 20 minute long s at 500, 550, 575 and 600 ◦C
and comparison to the control sample.
6.4 Proposed Transistor Laser
By incorporating etched DBRs and zinc diffusion into the transistor laser, it is expected that
the device will show improved RF and large signal performance. The schematic Figure 6.9
shows the device structure with the proposed improvements. The merits of the design are:
1. Short cavity:
The ICP etched DBR will allow for fabrication of cavities shorter than 200 µm (down
to 50 µm). As discussed in Section 5.2, a 200 µm cavity device exhibits 2 × the
RB,in and 2 × the dL/dIB slope compared to a 400 µm cavity device fabricated on
the same crystal. Further scaling is expected to result in better impedance match to
the generator and increased OMA. Short cavity devices will have reduced parasitic
capacitance that will allow for higher-speed operation.
2. Highly reflective facets:
Cleaving will no longer be required to form the facets and ICP etched DBRs will ensure
high reflectivity. These improvements are expected to result in low threshold currents
and higher power from the output facet. For future monolithic photonic integration
etched facets will be required since all waveguides will be defined on the same chip.
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3. Reduced extrinsic base resistance:
Zinc diffusion into the extrinsic base region will result in lower extrinsic base resis-
tance. This will allow for lower heat generation and operating the device over a wider
temperature and bias range.
Figure 6.9: Schematic of the proposed fourth-generation short cavity transistor laser em-
ploying Zn diffusion in the base, and ICP etched DBR mirrors for short cavities.
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CHAPTER 7
SUMMARY OF WORK
7.1 Process Development
The root cause of failure for TLs exhibiting high RBE has been identified. The process is
optimized by using thick BCB-57 and additional etchback control. Yield is improved from
≈ 10% to ≈ 85% which allows for a stable baseline process to provide a test bed for future
experiments. A highly reliable via process has been developed that addresses the “tight
window” of the previous generation process. A stable, fully documented process has been
delivered as a result of this work.
7.2 Device Characterization
The measurement setup and been improved and stabilized to allow for extended testing
periods (days) without device failure due to facet oxidation. The TL has demonstrated
bandfilling and capability of voltage and current modulation. The ability to tune the re-
combination lifetime τB,spon in the transistor laser strucutre by changing the height of the
base-collector energy barrier (∆EC,B) has been experimentally verified. Input impedance
mismatch and lower dL/dIB slope have been identified as the causes of low Optical Modu-
lation Amplitude (OMA) in long cavity ≈ 400 µm devices. Consequently, 200 µm devices
have demonstrated error-free operation at 22 Gb/s by optimizing the equipment and mea-
surement setup. TLs have also shown record low Relative Intensity Noise (RIN) compared
to a Fabry-Perot diode laser.
69
7.3 Next-Generation Design
Sealed ampoule Zn diffusion has been developed and implemented to yield first-generation
Zn diffused devices. Characterization of these devices has been performed showing lower
input series resistance. Short cavity etched DBR TLs have been proposed to lower parasitics,
reduce power consumption, provide a better impedance match and allow for on-wafer testing.
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